**O**besity represents a major global health problem. Adipose tissue dysfunction underpins the association of obesity with the development of chronic metabolic diseases, including type 2 diabetes. Thus, research into the molecular and cellular mechanisms governing maintenance of adipose tissue mass and function is critical for the development of effective therapeutic strategies aimed at reducing obesity-related diseases.

Obesity occurs in the setting of chronic positive energy balance, which gives rise to an increase in adipose tissue mass via hypertrophy of existing adipocytes and/or acquisition of new adipocytes via hyperplasia and adipogenesis of mesenchymal stem cells (preadipocytes) within adipose tissue ([@B1],[@B2]). Excessive adipocyte hypertrophy in the absence of new, metabolically healthy adipocytes can give rise to adipose tissue dysfunction ([@B3]--[@B5]). Moreover, impaired adipogenesis may contribute to the etiology of type 2 diabetes ([@B4],[@B6],[@B7]). Hence, appropriate rates of hyperplasia and adipogenesis appear to be essential for metabolic homeostasis. Although there is considerable insight into the latter stages of adipogenesis, relatively little is known about mechanisms involved in preadipocyte commitment.

We previously reported that fibroblast growth factor-1 (FGF-1) acts as a paracrine factor, secreted from adipose-derived microvascular endothelial cells, to promote adipogenesis of human preadipocytes via an FGF-1/FGF receptor 1/fibroblast growth factor receptor substrate 2 (FRS2)/mitogen-activated protein kinase (MAPK) pathway ([@B8],[@B9]). A key element in the adipogenic actions of FGF-1 is its ability to promote "priming" of adipogenesis by inducing expression of the master adipogenic regulator, peroxisome proliferator--activated receptor γ (PPARγ), before induction of differentiation ([@B8],[@B10],[@B11]). As such, the FGF-1 model provides a useful platform for investigations aimed at obtaining a more comprehensive understanding of early adipogenic events at the molecular level. Such understanding may reveal novel therapeutic avenues to improve adipose tissue function and ameliorate obesity-related complications, including type 2 diabetes.

To pursue these aims, we performed microarray analysis to discover proximal FGF-1 effectors and identified BMP and activin membrane-bound inhibitor (BAMBI). BAMBI is a transmembrane protein that has an extracellular domain similar to that of type 1 transforming growth factor-β (TGF-β) and BMP receptors but lacks an intracellular kinase domain. It acts as a decoy receptor for, and antagonizes signaling of, TGF superfamily members, including TGF-β and BMP ([@B12],[@B13]). BAMBI also functions as a positive regulator of the canonical Wnt/β-catenin pathway ([@B14]). Each of these pathways regulates growth and differentiation of a number of cell types, including preadipocytes. For instance, the canonical Wnt/β-catenin pathway maintains preadipocytes in an undifferentiated proliferative state by inhibiting induction of PPARγ expression ([@B15]). TGF-β signaling, particularly TGF-β1, inhibits adipogenesis via phosphorylation of Smad2/3 ([@B16]). In contrast, other TGF-β superfamily members, such as BMP-4, promote commitment and differentiation of preadipocytes through pathways involving phosphorylation of Smad1/5/8 ([@B17]). Each of these pathways may provide therapeutic antiobesity strategies ([@B18],[@B19]).

In light of the above, we have characterized the effects of BAMBI knockdown on adipogenesis of human preadipocytes. We have also determined how deletion of BAMBI modulates the effects of the autocrine/paracrine adipogenic regulators Wnt3a, TGF-β1, and BMP-4 and examined BAMBI expression in a mouse model of diet-induced obesity.

RESEARCH DESIGN AND METHODS {#s2}
===========================

General reagents were obtained from Sigma-Aldrich (Victoria, Australia). Tissue culture reagents were obtained from Invitrogen (Victoria, Australia).

Primary human preadipocytes. {#s3}
----------------------------

Primary human preadipocytes (phPAs) were isolated from subcutaneous adipose tissue and cultured as described previously ([@B8],[@B9],[@B11]). The protocol was approved by the Research Ethics Committees of the University of Queensland, the Princess Alexandra Hospital, and the Mater Adults Hospital. All patients had given their written informed consent.

Simpson Golabi Behmel syndrome PAs. {#s4}
-----------------------------------

Simpson Golabi Behmel syndrome (SGBS) PAs, a gift from Martin Wabitsch (University of Ulm, Ulm, Germany) ([@B20]), were cultured for ≤30 generations and differentiated as described previously ([@B10],[@B11]).

FGF-1 treatment. {#s5}
----------------

Recombinant human FGF-1 (R&D Systems, Minneapolis, MN) was used at 1 ng/mL in the presence of 90 μg/mL heparin to treat phPAs and SGBS PAs.

Inhibitor studies. {#s6}
------------------

For inhibition of ERK, p38 MAPK, and phosphatidylinositol 3-kinase (PI3K), SGBS PAs were pretreated for 30 min with 10 μmol/L UO126, 10 μmol/L SB202190, and 50 μmol/L LY294002, respectively (Merck, Rahway, NJ), before treatment with FGF-1 for 24 h (in continued presence of inhibitor). Total RNA was extracted for real-time RT-PCR. No cellular toxicity was observed after individual treatments, although combined treatment with UO126 and LY294002 resulted in significant (≥50%) cell loss.

Real-time RT-PCR. {#s7}
-----------------

Real-time RT-PCR was performed as previously described ([@B11]). In brief, expression of cyclophilin, glyceraldehyde-3-phosphate dehydrogenase, and transferrin receptor was assessed as potential housekeeping genes. Transferrin receptor expression was low and was not assessed further. Expression of glyceraldehyde-3-phosphate dehydrogenase exhibited significant changes upon differentiation of preadipocytes to adipocytes, whereas cyclophilin did not (change in Ct values upon differentiation were 1.7 ± 0.29 \[*P* = 0.001\] and 0.10 ± 0.20, respectively). Relative expression of the gene of interest (GOI) was therefore determined using cyclophilin as the housekeeping gene using the calculation = 2^(Ct\ cyclophilin\ gene\ --\ Ct\ GOI)^. Primers were from Sigma-Aldrich. Sequences are available on request.

Western blot analysis. {#s8}
----------------------

Western blot analysis was carried out as previously described ([@B21]). Primary antibodies included BAMBI (R&D Systems); β-catenin and PPARγ (Santa Cruz Biotechnology Inc., Santa Cruz, CA); adiponectin (Abcam, Cambridge, MA); perilipin, phospho-Smad1/5/8, phospho-Smad2, and phospho-Smad3 (Cell Signaling, Danvers, MA); and β-tubulin (Sigma-Aldrich).

BAMBI knockdown/overexpression. {#s9}
-------------------------------

BAMBI small interfering RNA (siRNA) and scrambled (SCR) control (AllStars negative control siRNA) were from QIAGEN (Valencia, CA). In preliminary experiments, three independent BAMBI siRNAs gave similar results (data not shown; sequences available on request). SGBS PAs or phPAs were seeded on six-well plates at 50--80% confluence in serum-containing medium without antibiotics. Transfections were carried out 24 h later using NanoJuice transfection reagents according to the manufacturer's protocol (Novagen). Knockdown was assessed 72 h posttransfection by real-time PCR (RT-PCR) and Western blot. Transfected cells were then cultured in serum-containing medium for an additional 3 days before induction of differentiation under standard differentiation conditions ([@B10]). At differentiation days 0, 3, 7, and 14, cells were harvested for subsequent analysis. BAMBI overexpression was performed using pCMV5-hBAMBI, provided by Ye-Guang Chen (Tsinghua University, Beijing, China). Control plasmid, pcDNA5-green fluorescent protein (GFP), was generated in the host laboratory. Transfections were carried out using Lipofectamine 2000 according to the manufacturer's instructions (Invitrogen).

Measurement of lipid accumulation. {#s10}
----------------------------------

Lipid accumulation was assessed by phase-contrast microscopy (200× magnification) (Nikon Eclipase TE300) and Oil Red O staining ([@B22]).

Adiponectin secretion. {#s11}
----------------------

Conditioned medium from SGBS PAs was collected at the indicated time points, and adiponectin concentration was determined by ELISA (Invitrogen). Adiponectin secretion was expressed in nanograms per milliliter of medium per 24 h.

2-Deoxyglucose uptake assay. {#s12}
----------------------------

Glucose uptake was measured in SGBS PAs after 14 days differentiation ([@B10]).

Treatment of SGBS PAs with adipogenic factors. {#s13}
----------------------------------------------

After treatment with SCR or BAMBI siRNA, SGBS PAs were grown to confluence and differentiated in the absence or presence of Wnt3a (10--25 ng/mL), TGF-β1 (0.1--1 ng/mL), or BMP-4 (10--50 ng/mL) (concentrations based on preliminary dose-response studies; all factors were from R&D Systems). Cells were harvested at the indicated times for assessment of differentiation.

Analysis of BAMBI expression in high-fat diet--induced and *ob/ob* obese mice. {#s14}
------------------------------------------------------------------------------

Animal studies were approved under the St. Vincent's Hospital Animal Experimentation Ethics Committee. Seven-week-old C57BL/6 mice were maintained on chow (*n* = 4) or high-fat diet (HFD) (*n* = 4) for 16 weeks as previously described ([@B23]). BAMBI expression in epididymal adipose tissue was determined by RT-PCR.

Statistical analyses. {#s15}
---------------------

Statistical analyses were performed in GraphPad Prism 5.0 using the following tests: Student *t* test (used unless otherwise stated), one-way ANOVA (repeated measures) for differences across experimental groups in conjunction with Tukey post hoc test to compare differences between treatment groups, and two-way ANOVA for differences from different groups in the same treatment. Data are expressed as means ± SEM. *P* values ≤0.05 were considered statistically significant.

RESULTS {#s16}
=======

BAMBI expression is reduced in response to FGF-1 and during differentiation. {#s17}
----------------------------------------------------------------------------

Microarray expression profiling of phPAs cultured in the absence or presence of FGF-1 for 1 week revealed that BAMBI was downregulated 13-fold by FGF-1 (*P* = 0.01; B-value = 50.8) (data not shown). These results were confirmed by RT-PCR of phPAs from five independent subjects, which also demonstrated the specificity of FGF-1's effects on BAMBI relative to platelet-derived growth factor-BB (PDGF-BB) ([Fig. 1*A*](#F1){ref-type="fig"}), a factor that we have previously shown to be unable to promote adipogenesis ([@B11]). Expression of BAMBI was also reduced in the widely used human SGBS PA cell strain after treatment with FGF-1 or induction of adipogenesis ([Fig. 1*B*](#F1){ref-type="fig"}) ([@B24]). Time-course studies revealed a progressive decline in BAMBI mRNA upon FGF-1 treatment ([Fig. 1*C*](#F1){ref-type="fig"}). FGF-1 is known to stimulate a number of downstream molecules implicated in adipogenesis, including ERK, PI3K, and p38 MAPK ([@B25]--[@B29]). To identify signaling pathways responsible for the decrease in BAMBI expression, we used a pharmacological approach. Inhibition of PI3K with LY294002 inhibited the effects of FGF-1 on BAMBI expression ([Fig. 1*D*](#F1){ref-type="fig"}). Surprisingly, inhibition of ERK using UO126 increased BAMBI expression in control cells but did not prevent the reduction of BAMBI in response to FGF-1 ([Fig. 1*D*](#F1){ref-type="fig"}). Inhibition of p38 MAPK with SB202190 was without effect in control or FGF-1--treated cells (data not shown). Simultaneous inhibition of ERK and PI3K resulted in major cell loss, preventing detailed investigations of the combined effects of inhibition of these two pathways. Overall, these findings demonstrate that BAMBI expression is under complex regulation involving both PI3K and ERK signaling pathways and indicate that activation of PI3K plays a role in FGF-1's inhibitory effects on BAMBI expression. In addition, the results support the hypothesis that a reduction in BAMBI represents a key step in adipogenesis that is enhanced by FGF-1.

![BAMBI expression is reduced in response to FGF-1 and during differentiation. *A*: Subcutaneous phPAs were grown to confluence in serum-containing medium (SCM) with either 1 ng/mL FGF-1 or 2 ng/mL platelet-derived growth factor-BB (PDGF-BB). BAMBI mRNA expression was determined by RT-PCR of total RNA. Data represent the ratio of BAMBI:cyclophilin and are the mean ± SEM of samples derived from five individuals (ANOVA, \*\**P* \< 0.05 relative to control \[Ctrl\] SCM cells). *B*: SGBS PAs were grown and differentiated in the presence or absence of 1 ng/mL FGF-1. Cells were harvested at the indicated time points and BAMBI mRNA expression was measured by RT-PCR of total RNA. Data represent the ratio of BAMBI:cyclophilin and are the mean ± SEM of three to four independent experiments (ANOVA, \*\*\**P* \< 0.001 relative to untreated cells at differentiation day −3; Tukey \#*P* \< 0.05 for FGF-1 compared with Ctrl at day −3). *C*: SGBS PAs were treated with FGF-1 for the indicated times, and BAMBI mRNA expression was assessed by RT-PCR of total RNA. Data are normalized to expression at 0 h, and Ctrl represents cells harvested at 72 h without FGF-1 (mean ± SEM; *n* = 4 independent experiments; ANOVA, \*\**P* \< 0.01; ANOVA, \*\*\**P* \< 0.001). *D*: SGBS PAs were pretreated with LY294002 or UO126 for 30 min prior to 24 h treatment with FGF-1 (in continued presence of inhibitor). BAMBI mRNA expression was determined using RT-PCR. Results are expressed as fold over vehicle-treated "Ctrl" cells (mean ± SEM; *n* = 3 independent experiments; \*\**P* \< 0.01; \*\*\**P* \< 0.001).](124fig1){#F1}

BAMBI knockdown increases priming of SGBS PAs. {#s18}
----------------------------------------------

To investigate a putative role for BAMBI in regulation of adipogenesis, we used siRNA. BAMBI mRNA and protein levels were determined 72 h after transfection of SGBS PAs with SCR control siRNA or BAMBI siRNA. We observed significant decreases of BAMBI mRNA and protein, and these were similar to those induced by FGF-1 ([Fig. 2*A* and *B*](#F2){ref-type="fig"}). We also observed differences in morphology between cells treated with BAMBI siRNA or FGF-1 compared with those treated with SCR siRNA. Treatment with BAMBI siRNA or FGF-1 promoted the generation of elongated cells arranged in a relatively orderly pattern in comparison with the SCR siRNA--treated cells, which were larger, more spread out, and less uniform ([Fig. 2*C*](#F2){ref-type="fig"}) (the elongated morphology is maintained for 2--3 days, after which the cells begin to attain their characteristic rounded shape). It is noteworthy that there was a concomitant increase in PPARγ mRNA expression after BAMBI knockdown (prior to induction of differentiation) and this also mirrored the effects of FGF-1 ([Fig. 2*D*](#F2){ref-type="fig"}).

![BAMBI manipulation affects priming of SGBS PAs. The effect of BAMBI knockdown/overexpression on priming of SGBS PAs was assessed using RT-PCR, Western blot, and microscopy of cells 72 h posttransfection with SCR or BAMBI siRNA or 72 h with FGF-1 (*A*--*D*) or transfection with GFP or BAMBI cDNA (*E* and *F*). *A*: BAMBI mRNA expression was assessed by RT-PCR. Results are expressed as fold compared with SCR (control) cells (mean ± SEM; *n* = 7; ANOVA, \*\*\**P* \< 0.001). *B*: BAMBI protein expression was assessed by Western blot (β-tubulin was used as a loading control). A representative blot (*top*) and quantitation of data from three to six independent experiments (*bottom*) are shown. Results are expressed as fold compared with SCR (control) cells (mean ± SEM; ANOVA, \*\*\**P* \< 0.001). *C*: Photomicrographs of SGBS PA cells showing cell morphology (images are representative of seven independent experiments). *D*: PPARγ mRNA expression was assessed relative to SCR (control) cells, by RT-PCR (ANOVA, \**P* \< 0.05; \*\**P* \< 0.01). *E* and *F*: BAMBI and PPARγ expression assessed by RT-PCR. Results are expressed as fold compared with SCR (control) cells (mean ± SEM; *n* = 4--7; ANOVA, \**P* \< 0.05). (A high-quality color representation of this figure is available in the online issue.)](124fig2){#F2}

We recently described a putative role for reduced FGF-2 in the early adipogenic actions of FGF-1 ([@B30]). Similar to FGF-1, knockdown of BAMBI significantly reduced the expression of FGF-2 ([Supplementary Fig. 1](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db11-0998/-/DC1)). Collectively, these observations suggest that BAMBI knockdown is sufficient to recapitulate the effects of FGF-1 by promoting commitment of the cells to the adipocyte lineage.

BAMBI overexpression decreases priming of SGBS PAs. {#s19}
---------------------------------------------------

Overexpression studies were performed to investigate the effects of increasing cellular BAMBI levels. Using a standard lipid-based approach to transfect the cells, 72 h after transfection, BAMBI expression was increased, and this resulted in a significant decrease in PPARγ expression compared with GFP--transfected cells ([Fig. 2*E* and *F*](#F2){ref-type="fig"}). We did not observe any morphological differences between GFP- and BAMBI-transfected cells. This probably reflects the limited transfection efficiency, as we routinely achieved ∼15--20% transfection efficiency in the SGBS PAs, as determined by GFP expression (data not shown).

BAMBI knockdown increases differentiation of SGBS PAs. {#s20}
------------------------------------------------------

We next examined the effects of BAMBI knockdown on the later stages of differentiation. BAMBI knockdown resulted in increased lipid accumulation throughout differentiation, with results similar to those in FGF-1--treated cells ([Fig. 3*A* and *B*](#F3){ref-type="fig"} and data not shown). Additional features of differentiating SGBS PAs were assessed by RT-PCR and Western blot analysis of adipogenic markers ([Fig. 3*C*--*E*](#F3){ref-type="fig"}). There were significant increases in the mRNA levels of adipogenic markers, including PPARγ, glycerol-3-phosphate dehydrogenase (G3PDH), and glucose transporter type 4 (GLUT4), and the effects of BAMBI knockdown were comparable to those of FGF-1 ([Fig. 3*C*](#F3){ref-type="fig"}). Analysis of protein expression confirmed the adipogenic effects of BAMBI knockdown. PPARγ levels were significantly increased throughout differentiation after BAMBI knockdown ([Fig. 3*D* and *E*](#F3){ref-type="fig"}). PPARγ1 was detected before induction of differentiation (days −3 and 0) and PPARγ2 was detected early in the differentiation period (day 3) in BAMBI knockdown cells ([Fig. 3*D* and *E*](#F3){ref-type="fig"}). Expression of perilipin and adiponectin was also increased during differentiation of BAMBI knockdown cells ([Fig. 3*D* and *E*](#F3){ref-type="fig"}).

![BAMBI knockdown induces differentiation of SGBS PAs. The effect of BAMBI knockdown on differentiation of SGBS PAs on day 14 of differentiation (unless indicated otherwise) was assessed using Oil Red O staining, RT-PCR, Western blot, and functional assays in cells treated with SCR siRNA, BAMBI siRNA, or FGF-1. *A*: Micrographs showing Oil Red O staining (magnification 200×). *B*: Quantification of Oil Red O staining from three independent experiments. Data are expressed as fold compared with SCR (control) cells (mean ± SEM; ANOVA, \**P* \< 0.05). *C*: mRNA expression of BAMBI, PPARγ, G3PDH, and glucose transporter type 4 (GLUT4) as determined by RT-PCR. Results are expressed as fold compared with SCR (control) cells (mean ± SEM; *n* = 4--6; ANOVA, \*\**P* \< 0.01; \*\*\**P* \< 0.001). *D*: Representative Western blots of whole cell lysates showing induction of adipocyte proteins PPARγ, perilipin, and adiponectin throughout differentiation (β-tubulin is a loading control). *E*: Quantification of Western blot analysis from three to six independent experiments. Results are expressed as fold compared with SCR (control) cells (mean ± SEM; ANOVA, \**P* \< 0.05; \*\**P* \< 0.01). *F*: Adiponectin secretion was measured by ELISA. Results show mean ± SEM from three to four independent experiments (ANOVA, \**P* \< 0.05; \*\* *P* \< 0.01; \*\*\* *P* \< 0.001 comparing SCR \[control\] with BAMBI at each time point). *G*: Basal and insulin-stimulated 2-deoxyglucose uptake was measured as outlined in [[research design and methods]{.smallcaps}](#s2){ref-type="sec"}. Results are expressed as fold compared with SCR (control) cells (mean ± SEM; *n* = 3--4 independent experiments; ANOVA, \**P* \< 0.05). (A high-quality digital representation of this figure is available in the online issue.)](124fig3){#F3}

We further investigated the effects of BAMBI knockdown on adipocyte function by characterizing adiponectin secretion and glucose uptake. Compared with control cells, BAMBI knockdown cells secreted higher levels of adiponectin at all stages of differentiation, with adiponectin secretion peaking at around day 8 ([Fig. 3*F*](#F3){ref-type="fig"}). Basal glucose uptake levels were unaffected but insulin-stimulated glucose uptake was significantly increased in BAMBI knockdown cells ([Fig. 3*G*](#F3){ref-type="fig"}). In summary, BAMBI knockdown is sufficient to enhance adipogenesis of the SGBS PAs, and this mirrors the effects of FGF-1 treatment.

BAMBI knockdown increases priming and differentiation of phPAs. {#s21}
---------------------------------------------------------------

To extend our observations, we performed similar experiments in phPAs (which have a low adipogenic potential, in the absence of FGF-1, and show intrinsic variability between individuals). BAMBI mRNA was reduced by ∼90%, 72 h posttransfection with BAMBI siRNA, concomitant with a significant increase in PPARγ mRNA ([Supplementary Fig. 2*A*](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db11-0998/-/DC1)). Knockdown was maintained throughout differentiation, and this correlated with increased expression of adipocyte mRNAs and proteins and increased lipid accumulation ([Supplementary Fig. 2*B*--*D*](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db11-0998/-/DC1)).

These results demonstrate that BAMBI plays an inhibitory role in adipogenesis of phPAs and SGBS PAs. In particular, the changes in cell morphology and increase in PPARγ expression upon BAMBI knockdown suggest a role for BAMBI in cell fate determination and commitment. Although there is relatively little understanding of the mechanisms involved in preadipocyte commitment to the adipocyte lineage, it is known that there is a complex interplay between autocrine and paracrine factors, including those modulated by BAMBI, namely Wnts, TGF-β, and BMPs. Hence, we next examined whether BAMBI knockdown would alter the effects of these adipogenic regulators.

BAMBI knockdown attenuates the antiadipogenic effects of Wnt3a. {#s22}
---------------------------------------------------------------

First, we determined the effects of BAMBI knockdown on the expression of genes involved in the canonical Wnt pathway. BAMBI knockdown promoted a decrease in the mRNA levels of both β-catenin and T cell transcription factor-4 (TCF-4) ([Fig. 4*A* and *B*](#F4){ref-type="fig"}). Although only TCF-4 mRNA was significantly reduced by FGF-1 treatment ([Fig. 4*A* and *B*](#F4){ref-type="fig"}), both BAMBI knockdown and FGF-1 treatment decreased β-catenin protein levels to a similar extent ([Fig. 4*C* and *D*](#F4){ref-type="fig"}). These results suggest that the adipogenic effects of BAMBI knockdown and FGF-1 may be at least partly mediated by the modulation of canonical Wnt/β-catenin signaling.

![BAMBI knockdown attenuates the antiadipogenic effect of Wnt3a. *A* and *B*: β-Catenin (*A*) and TCF-4 (*B*) mRNA expression was assessed by RT-PCR at 72 h posttransfection of SGBS PAs with SCR or BAMBI siRNA or after 72 h with FGF-1. Results are expressed as fold compared with SCR (control) cells (mean ± SEM; *n* = 4--7; ANOVA, \*\**P* \< 0.01; \*\*\**P* \< 0.001). *C*: β-Catenin protein expression was assessed by Western blot at 72 h posttransfection (β-tubulin was used as a loading control). *D*: Quantification of Western blot analysis from three independent experiments. Results are expressed as fold compared with SCR (control) cells (mean ± SEM; ANOVA, \*\*\**P* \< 0.001). *E*--*I*: SGBS PAs were transfected with SCR or BAMBI siRNA prior to incubation with Wnt3a (as indicated) during maintenance and differentiation. For all graphs, values obtained for SCR and BAMBI siRNA cells without Wnt3a treatment were set at 1 and other values were normalized to these to indicate relative sensitivity to Wnt3a (*n* = 3 throughout). *E*: Photomicrographs show Oil Red O staining of cells on day 14 of differentiation (magnification 200×). *F*: Quantification of Oil Red O staining (mean ± SEM; two-way ANOVA, \*\**P* \< 0.01). In the absence of Wnt3a treatment, lipid accumulation was 1.9-fold greater in BAMBI knockdown compared with SCR control (\*\**P* \< 0.01). *G*: mRNA expression of adipogenic markers PPARγ, G3PDH, and adiponectin was assessed by RT-PCR (mean ± SEM; two-way ANOVA, \**P* \< 0.05). In the absence of Wnt3a treatment, PPARγ, G3PDH, and adiponectin were all 1.3-fold in BAMBI knockdown compared with SCR control (all \**P* \< 0.05). *H*: Western blot analysis of whole cell lysates was used to determine the expression of PPARγ, perilipin, adiponectin, and β-catenin (β-tubulin is a loading control). *I*: Quantification of Western blot analysis (mean ± SEM; two-way ANOVA, \**P* \< 0.05; \*\**P* \< 0.01). In the absence of Wnt3a treatment, PPARγ, perilipin, adiponectin, and β-catenin were 1.5, 1.7, 2.0, and 0.8-fold in BAMBI knockdown compared with SCR control (all \**P* \< 0.05). (A high-quality color representation of this figure is available in the online issue.)](124fig4){#F4}

To further explore the modulatory role of BAMBI in the context of the antiadipogenic effects of Wnt, we examined the effects of BAMBI knockdown on sensitivity to Wnt3a ([@B31]). SGBS PAs were treated with SCR or BAMBI siRNA and then cultured and differentiated in the presence of submaximal (10 ng/mL) or maximal (25 ng/mL) inhibitory concentrations of Wnt3a (determined in preliminary dose-response studies) ([Supplementary Fig. 3](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db11-0998/-/DC1)). As expected, lipid accumulation was reduced by Wnt3a in a dose-dependent manner in the presence or absence of BAMBI ([Fig. 4*E*](#F4){ref-type="fig"}). Quantification of this effect revealed a significant amelioration of the inhibitory effect of Wnt3a in BAMBI knockdown cells ([Fig. 4*F*](#F4){ref-type="fig"}). Similar results were observed when we measured changes in gene ([Fig. 4*G*](#F4){ref-type="fig"}) and protein expression ([Fig. 4*H* and *I*](#F4){ref-type="fig"}). In all cases, the relative effects of Wnt3a were reduced in cells lacking BAMBI. Moroever, the ability of Wnt3a to increase β-catenin protein was reduced in BAMBI knockdown cells ([Fig. 4*H* and *I*](#F4){ref-type="fig"}). These data demonstrate that BAMBI promotes the antiadipogenic effects of Wnt3a by enhancing the canonical Wnt/β-catenin pathway.

BAMBI knockdown reduces the antiadipogenic effects of TGF-β1. {#s23}
-------------------------------------------------------------

TGF-β, most notably TGF-β1, has been shown to play a negative role in adipogenesis ([@B16],[@B32]), and BAMBI is thought to inhibit TGF-β signaling through its actions as a pseudoreceptor ([@B13]). Hence we anticipated that the antiadipogenic effects of TGF-β1 would be increased after BAMBI knockdown. Preliminary dose-response studies confirmed that TGF-β1 stimulated phosphorylation of Smad2/3 and inhibited differentiation of SGBS PAs in a dose-dependent manner ([Supplementary Fig. 4](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db11-0998/-/DC1)). Surprisingly, however, after BAMBI knockdown, maximal TGF-β1--stimulated phosphorylation of Smad2/3 was attenuated relative to control cells, showing reduced phosphorylation after 6 h ([Fig. 5*A* and *B*](#F5){ref-type="fig"}). The inhibitory effects of TGF-β1 on lipid accumulation were also reduced in BAMBI knockdown cells ([Fig. 5*C* and *D*](#F5){ref-type="fig"}). In addition, the negative impact of TGF-β1 on induction of adipogenic markers was reduced ([Fig. 5*E*--*G*](#F5){ref-type="fig"}). These findings indicate that BAMBI is a positive regulator of canonical TGF-β1 signaling and action in human preadipocytes.

![BAMBI knockdown reduces the antiadipogenic effect of TGF-β1. SGBS PAs were transfected with SCR (−) or BAMBI siRNA. After 72 h, cells were treated with TGF-β1 for 1 or 6 h. Phosphorylation of Smad2/3 was determined by Western blot analysis of whole cell lysates (*A*) and quantified (*B*). Results are expressed as fold compared with SCR (control) cells at 0 h (mean ± SEM; *n* = 3; two-way ANOVA, \**P* \< 0.05). *C*--*G*: SGBS PAs were transfected with SCR or BAMBI siRNA prior to incubation with TGF-β1 (as indicated) during maintenance and differentiation. For all graphs, values obtained for SCR and BAMBI siRNA cells without TGF-β1 treatment were set at 1 and other values were normalized to these to indicate relative sensitivity to TGF-β1 (*n* = 3 throughout). *C*: Photomicrographs show lipid accumulation on day 14 of differentiation (magnification 200×). *D*: Quantification of lipid accumulation (mean ± SEM; two-way ANOVA, \**P* \< 0.05). *E*: mRNA expression of adipogenic markers PPARγ, G3PDH, adiponectin, and adipose triglyceride lipase (ATGL) was assessed by RT-PCR (mean ± SEM; two-way ANOVA, \**P* \< 0.05; \*\**P* \< 0.01; \*\*\**P* \< 0.001). In the absence of TGF-β1 treatment, PPARγ, G3PDH, adiponectin, and ATGL were 1.5, 1.8, 1.8, and 1.8-fold in BAMBI knockdown compared with SCR control (all \**P* \< 0.05). *F*: Western blot analysis of whole cell lysates showing PPARγ, perilipin, and adiponectin (β-tubulin is a loading control). *G*: Quantification of Western blot analysis (mean ± SEM; two-way ANOVA, \**P* \< 0.05; \*\**P* \< 0.01; \*\*\**P* \< 0.001). In the absence of TGF-β1 treatment, PPARγ, perilipin, and adiponectin were 1.8 (\**P* \< 0.05), 1.2, and 1.8 (\**P* \< 0.05) in BAMBI knockdown compared with SCR control.](124fig5){#F5}

BAMBI knockdown impairs the adipogenic effect of BMP-4. {#s24}
-------------------------------------------------------

BMP-4 has been shown to promote preadipocyte commitment and subsequent differentiation ([@B17]). Although BAMBI is reported to be a negative regulator of BMP signaling in various cell types, in light of our findings showing a positive role for BAMBI in TGF-β1 signaling in preadipocytes, we hypothesized that BAMBI may facilitate BMP signaling in preadipocytes. Preliminary experiments were performed to identify submaximal and maximal BMP-4 concentrations. Although we observed a dose-dependent increase in BMP-4--stimulated phosphorylation of Smad1/5/8 in SGBS PAs ([Supplementary Fig. 5*A*](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db11-0998/-/DC1)), treatment of cells with BMP-4 for 7 days prior to induction of differentiation failed to promote differentiation ([Supplementary Fig. 5*B* and *C*](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db11-0998/-/DC1)). In contrast, extended treatment with BMP-4, present both prior to and throughout differentiation, enhanced adipogenesis (see below).

In BAMBI knockdown cells, the duration of BMP-4--stimulated Smad1/5/8 phosphorylation was attenuated ([Fig. 6*A* and *B*](#F6){ref-type="fig"}). BMP-4 treatment promoted a dose-dependent increase in differentiation, as determined by lipid accumulation and expression of adipogenic markers ([Fig. 6*C*--G](#F6){ref-type="fig"}). The proadipogenic actions of BMP-4 were significantly reduced in BAMBI knockdown cells ([Fig. 6*C*--*G*](#F6){ref-type="fig"}). Collectively these results demonstrate that BAMBI facilitates canonical BMP-4 signaling and action in human preadipocytes.

![BAMBI knockdown impaired adipogenic effect of BMP-4. SGBS PAs were transfected with SCR (−) or BAMBI siRNA. After 72 h, cells were treated with BMP-4 for 1 or 6 h. Phosphorylation of Smad1/5/8 was determined by Western blot analysis of whole cell lysates (*A*) and quantified (*B*). Results are expressed as fold compared with SCR (control) cells at 0 h (mean ± SEM; *n* = 3; two-way ANOVA, \**P* \< 0.05). *C*--*G*: SGBS PAs were transfected with SCR or BAMBI siRNA prior to incubation with BMP-4 (as indicated) during maintenance and differentiation. For all graphs, values obtained for SCR and BAMBI siRNA cells without BMP-4 treatment were set at 1 and other values were normalized to these to indicate relative sensitivity to BMP-4 (*n* = 3 throughout). *C*: Photomicrographs show lipid accumulation on day 14 of differentiation (magnification 200×). *D*: Quantification of lipid accumulation (mean ± SEM; two-way ANOVA, \*\**P* \< 0.01; \*\*\**P* \< 0.001). *E*: mRNA expression of adipogenic markers PPARγ, G3PDH, adiponectin, and ATGL was assessed by RT-PCR (mean ± SEM; two-way ANOVA, \**P* \< 0.05; \*\**P* \< 0.01; \*\*\**P* \< 0.001). In the absence of BMP-4 treatment, PPARγ, G3PDH, adiponectin, and ATGL were 1.5, 1.6, 1.5, and 1.5-fold in BAMBI knockdown compared with SCR control (all \**P* \< 0.05). *F*: Western blot analysis of whole cell lysates showing PPARγ and adiponectin (β-tubulin is a loading control). *G*: Quantification of Western blot analysis (mean ± SEM; two-way ANOVA, \**P* \< 0.05; \*\*\**P* \< 0.001). In the absence of BMP-4 treatment, PPARγ and adiponectin were 1.4 and 1.5-fold in BAMBI knockdown compared with SCR control (both \**P* \< 0.05).](124fig6){#F6}

BAMBI expression is downregulated in HFD-induced obese mice. {#s25}
------------------------------------------------------------

Having established BAMBI as a negative regulator of adipogenesis whose expression is decreased under conditions that promote adipogenesis (FGF-1 treatment and/or chemical induction) and that BAMBI modulates the effects of known autocrine/paracrine adipogenic factors, we examined BAMBI expression in adipose tissue from lean and obese mice. Obesity was induced in mice by maintenance on an HFD for 16 weeks ([@B23]), a time of extensive epididymal adipose tissue remodeling when adipocyte cell number reaches a transient nadir ([@B33]). Compared with lean mice, BAMBI mRNA expression was decreased in adipose tissue from HFD-induced obese mice ([Fig. 7*A*](#F7){ref-type="fig"}). We also examined BAMBI expression in adipose tissue from genetically obese *ob/ob* mice. BAMBI expression was decreased in 7-week-old and adult *ob/ob* mice compared with wild-type littermates ([Fig. 7*B* and *C*](#F7){ref-type="fig"}).

![BAMBI expression is reduced in adipose tissue of obese mice. *A*: C57BL/6 mice were maintained on a standard chow diet or HFD for 16 weeks (*n* = 4 for each). *B* and *C*: *ob/ob* mice and wild-type littermates were maintained on a standard chow diet. BAMBI mRNA expression in epididymal fat pads was analyzed by RT-PCR. Results are normalized to BAMBI mRNA expression levels in lean/wild-type mice (*t* test \**P* \< 0.05 obese relative to lean).](124fig7){#F7}

DISCUSSION {#s26}
==========

Increased understanding of the molecular mechanisms that govern the physiological and pathophysiological development and function of adipose tissue are required to facilitate effective therapeutic strategies aimed at reducing obesity-related diseases such as type 2 diabetes. We previously reported a novel role for FGF-1 as a potent regulator of human adipogenesis ([@B8],[@B10],[@B11]). FGF-1 acts in a paracrine manner to enhance the adipogenic program by increasing preadipocyte proliferation, commitment, and subsequent differentiation. Our previous studies established the involvement of an FGF-1/FGF receptor 1/FRS2/MAPK pathway in FGF-1's adipogenic effects. In the current investigation we have extended these observations by identifying and characterizing a novel adipogenic regulator, BAMBI.

Although BAMBI has been shown to play an important role in several types of cancer ([@B34]--[@B36]), the expression and function of BAMBI in adipocyte development has not been investigated. In the current report, we first observed that BAMBI expression was decreased upon FGF-1 treatment, or induction of differentiation, in phPAs and SGBS cells, and this was dependent on activation of the PI3K pathway. These findings lead us to hypothesize that BAMBI may be an inhibitor of adipogenesis and that the observed decrease in BAMBI expression may represent an integral part of the adipogenic process that is enhanced by FGF-1. To test this, we characterized the effects of BAMBI knockdown on differentiation at various stages of adipogenesis. BAMBI knockdown resulted in induction of PPARγ, changes in cell morphology, and reduced FGF-2 expression prior to induction of differentiation, consistent with increased priming and commitment to the adipocyte lineage ([@B11],[@B30]). Further biochemical and functional analysis revealed enhanced adipogenesis of mature adipocytes, with cells exhibiting increased adiponectin secretion and insulin-stimulated glucose uptake. These findings demonstrate that BAMBI knockdown is sufficient to recapitulate the adipogenic effects of FGF-1 and lead us to conclude that BAMBI represents a critical, and most likely proximal, adipogenic effector of FGF-1 ([Fig. 8*A*](#F8){ref-type="fig"}).

![Summarizing the role of BAMBI in adipogenesis. *A*: Schematic showing BAMBI's position in the adipogenic program. BAMBI is downregulated in response to FGF-1, in a PI3K-dependent manner, or induction of adipogenesis. Decreased BAMBI promotes increased PPARγ, leading to increased adipogenesis. *B*: Schematic summarizing BAMBI's modulatory effects on autocrine/paracrine adipogenic factors. BAMBI facilitates (arrows) the antiadipogenic actions of TGF-β1 signaling and Wnt3a signaling (blocks) and the proadipogenic actions of BMP-4 signaling on PPARγ, leading to decreased or increased adipogenesis, respectively.](124fig8){#F8}

Since its discovery as an inhibitor of TGF-β signaling ([@B12]), BAMBI has been shown to play negative and positive roles in the BMP and Wnt signaling pathways, respectively ([@B14],[@B37]). The molecular mechanisms underpinning these diverse effects have, to some extent, been previously described ([@B14],[@B38]), and recent work has added new insights. BAMBI serves as a positive regulator of the canonical Wnt/β-catenin pathway by facilitating the interaction between Wnt, its membrane receptor frizzled (Fzd), and the cytosolic protein dishevelled (Dvl), a process essential for Wnt pathway activation ([@B14]). More recently, BAMBI has been shown to expand the dynamic range of BMP-4 signaling ([@B39]) and has also been reported to undergo nuclear translocation upon treatment of ovarian cancer cells with TGF-β ([@B34]), although the potential relevance of this remains to be determined.

BAMBI has the potential to regulate adipogenesis via modulation of the effects of known autocrine/paracrine adipogenic factors described above. Our finding that BAMBI is a potent negative regulator of adipogenesis leads us to speculate that BAMBI may inhibit adipogenesis, at least in part, by facilitating Wnt signaling and/or by inhibition of BMP signaling. Hence, we characterized the effects of BAMBI knockdown on sensitivity to the anti- or proadipogenic effects of these factors. BAMBI knockdown decreased signaling through the canonical Wnt/β-catenin pathway, as evidenced by decreased β-catenin protein, which is afforded protection from proteasomal degradation by Wnt-mediated inhibition of glycogen synthase kinase-3 (GSK3) ([@B40]), and reduced TCF-4 mRNA. Treatment with FGF-1 produced similar effects. Sensitivity to the antiadipogenic effect of Wnt3a was significantly reduced in BAMBI knockdown cells as was Wnt3a-mediated stabilization of β-catenin protein, which provides further evidence of attenuated signaling by the canonical Wnt/β-catenin pathway.

Although BAMBI has been described as a downstream target of the Wnt/β-catenin, TGF-β, and BMP signaling pathways in a variety of cell types ([@B41]--[@B43]), we did not observe any change in BAMBI expression after treatment of SGBS preadipocytes with these factors (data not shown). Such discrepancies may reflect cell type--specific differences.

Similar to the Wnts, TGF-β ligands inhibit adipogenesis ([@B19],[@B32]). However, in contrast to its positive role in Wnt signaling ([@B14],[@B37]), BAMBI is thought to play a negative role in TGF-β signaling ([@B12],[@B13]). In contrast to our expectations, BAMBI knockdown decreased sensitivity to the antiadipogenic effects of TGF-β1, and this correlated with reduced Smad2/3 phosphorylation (at 6 h), indicative of rapid signal attenuation. These surprising findings suggest that BAMBI may play a positive role in TGF-β signaling, serving to maintain activation of canonical TGF-β signaling in human preadipocytes.

The BMPs represent a subclass of the TGF-β superfamily, and evidence suggests they promote the early stages of adipogenesis, with pretreatment of cells with either BMP-4 or BMP-7 being sufficient to enhance adipogenic differentiation ([@B17],[@B44]--[@B46]). In preliminary experiments where SGBS cells were treated with BMP-4 only before induction of differentiation, we did not detect any effects of BMP-4 treatment on commitment or differentiation. However, we did observe clear activation of canonical BMP signaling (Smad1/5/8 phosphorylation), demonstrating that the cells were responsive to BMP-4. Although the reason for the absence of any proadipogenic effect is unclear, it is noteworthy that the majority of the literature describing such proadipogenic effects comes from experiments on cells derived from bone marrow ([@B17],[@B44],[@B45]), leading us to suggest that cell type--specific differences may exist. Regardless, prolonged maintenance of SGBS cells in BMP-4 resulted in a marked, dose-dependent increase in adipogenesis. BAMBI knockdown decreased sensitivity to the proadipogenic actions of BMP-4, and this correlated with reduced longevity of BMP-4--stimulated Smad-1/5/8 phosphorylation. These findings suggest that BAMBI may act to preserve canonical BMP and TGF-β signaling pathways in preadipocytes. Further studies are required to elaborate this apparent paradox.

Collectively, the above findings (summarized in [Fig. 8*B*](#F8){ref-type="fig"}) indicate that BAMBI is likely to play a central role in the modulation and integration of signaling from multiple autocrine/paracrine adipogenic factors that represent therapeutic antiobesity targets ([@B18],[@B19]). In support of a potential physiological role for altered BAMBI expression during periods of adipose tissue remodeling involving adipogenesis ([@B33]), we found BAMBI expression was significantly reduced in adipose tissue from HFD-induced obese mice. Whether changes in BAMBI expression are also associated with and contribute to the pathophysiology of obesity-related diseases, such as type 2 diabetes, remains to be determined. BAMBI^−/−^ mice have been generated and show no overt phenotype ([@B47],[@B48]). Future studies are required to characterize adipose tissues from these mice and determine whether they exhibit adipocyte hyperplasia and improved metabolism relative to wild-type littermates when challenged with an HFD.

In summary, this work establishes BAMBI as a potent negative regulator of adipogenesis that affects commitment and subsequent differentiation of human preadipocytes. Furthermore, BAMBI acts as a signaling nexus to modulate the effects of several key autocrine/paracrine adipogenic regulators (Wnt, TGF-β, and BMP). Further investigations are required to determine whether manipulating BAMBI expression and/or function may represent an attractive way to promote adipose tissue remodeling and improve metabolic function.

This article contains Supplementary Data online at <http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db11-0998/-/DC1>.
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